The external mucus layers of the stony coral Porites astreoides and the soft corals Palythoa sp. and Heteroxeniu fuscesens are inhabited by communities of marinc heterotrophic bacteria. Population levels of bacteria in coral mucus may be regulated by the self-cleaning behavior of the host. Bacterial populations in coral mucus respond to stresses applied to the host coral by growing to higher population levels in the mucus, indicating that these are populations of viable organisms closely attuned to host metabolism.
.
Detrital
food chains are important routes of energy flow in coral reef systems (Gerber and Marshall 1974; Taylor 1973) . Coral mucus has been reported to be an important fraction of reef detrital material (Johannes 1967) . This material contains energy-rich lipid compounds (Benson and Muscatine 1974) and has a relatively high nitrogen content (Coles and Strathmann 1973) , while most reef detritus is nitrogen-poor (Hickel 1974 ). This suggests that as a part of reef detritus, mucus may be a valuable source of nutrients and energy for detritus and suspension feeders. Thus, the behavior of coral mucus in reef ecosystems deserves careful study since it is a quantitatively significant and nutritionally important fraction of reef detrital material. Rates of mucus production have been reported by Richman et al. (1975) and its composition by Ducklow and Mitchell (1979) , Benson and Muscatine (1974) , and Coles and Strathmann (1973) . Here we present data on colony-forming marine bacteria living in coral mucus and suggest that mucus could form the basis of a microbial food chain and that microorganisms may play a role in the mobilization of mucus for l This research was supported in part by an NSF predoctoral fellowship (OCE75-07675) to II. W. to R. Mitchell. consumption by other organisms. As a first step toward establishing this hypothesis, we show that the mucus films covering living corals harbor microorganisms which are adapted in several respects for existence in such a habitat. We also demonstrate that the bacterial populations living in the superficial mucus layers of Heteroxenia fuscesens respond to stresses applied to the host by growing to higher population levels than the steady state levels normally found on healthy corals.
We thank J. Gat, L. Fishelson, Y. Loya, I. Papcrna, I. Levanon, F. Sander, and W. S terrcr.
Muterials und methods
Organisms and mucus sampling--Individual species from three genera of corals, each from a different location, were chosen for mucus sampling and determination of the bacterial content of their aseptically collected mucus. The sampling locations were fringing nearshore reefs at Eilat, Israel, and Western Barbados, and the offshore reef platform north of Bermuda (Table 1) . Individual lo-cm-diameter colonies of the zoanthid Palythou sp. (Bermuda) and the alcyonarian H. fuscesens (Israel) were returned without exposure to air to the laboratories for mucus sampling; specimens were collected in plastic bags opened in situ to avoid contamination by the sea surface microlayer.
Mucus webs were sampled from the stony coral Porites astreoides in situ by gently sucking individual webs into sterile 50-ml plastic syringes. Liquid mucus was sampled from Paiythoa and Heteroxenia by--removing the colony from the container, allowing the excess seawater to drain off, and then inverting the colony over an opened, sterile petri dish (Ducklow and Mitchell 1979) . About 5-10 ml of clear, liquid mucus was each co1 collected in one sampling from .ony. Water was sampled in the alvicinity of each colony in situ with an cohol-rinsed bottle or sterile syringe.
P
Anul ysis of colony-formingbacterial opulation 22 i n coral mucus-Bacteria . _ were serial counted and described by standard dilution and spread-plating techniques on several media. Either i ml of liquid mucus or about 1 ml of mucu .s web material was pipetted into 9 ml of sterile seawater. Mucus suspensions were agitated thoroughly with a vortex mixer before dilution.
One-tenth milliliter of inocula was plated in duplicate or triplicate on agar plates with an alcohol flame-sterilized glass spreader (Buck and Cleverdon 1960) .
Media-Coral mucus consists of varying proportions of protein, polysaccharide, and lipid components (Ducklow and Mitchell 1979) . Our media were designed to indicate the relative sizes of bacterial populations attacking different mucus fractions. Casein (C), reprecipitated chitin (CH) (Lear 1963) , and Tween 80 (TW) were used to indicate the presence of proteolytic, polysaccharolytic, and lipolytic colonies. Thiosulfate citrate bile salts agar (TCBS agar, Baltimore Biol. Lab.) was used to count marine vibrios. All media except TCBS agar were prepared with 75% seawater filtered through 0.45-p Millipore filters and 25% distilled water. TCBS was prepared following the manufacturer's instructions. To minimize precipitate formation during autoclaving, we adjusted the yeast extract-peptone medium to pH > 9.4, boiled it, filtered it, and readjusted it to pH 7.2-7.4 with 6 N NaOH and HCl. In Bermuda we used media formulated with artificial seawater (ASW), consisting of the following salts (g*liter-l): NaCl, 24; KCl, 0.7; MgCIB* 6 H20, 5.3; and MgS04. 7 HzO, 7.0. All media contained 15 g. liter-l of Difco agar. These media are further described in Table 2 . All media were sterilized by autoclaving 15 min at 121°C. Colonies were counted after 5-7 days growth at 25°C. Proteolytic, polysaccharolytic, or lipolytic colonies were detcrmined by observation of zones of lysis surrounding active colonies. On casein and chitin medium this was accomplished by noting the transparent clear- (Harper 1969) . We stressed incubated colonies of H. fuscesens by exposing them to sublethal concentrations of a crude oil-a frequent stress agent in the Gulf of Eilat coral reefs (Loya 1975) .
Colonies of the soft coral H. fuscesens were incubated in flow-through, lo-liter glass tanks for 5 days. The tanks drained through a siphon system which took effluent water from the bottom of the tanks and allowed a thin layer of crude oil to remain on the water surface throughout the experiments (Fig. 1) . Water was supplied from the laboratory seawater system at 2 liters *min-l; this rate kept the tanks at ambient water temperatures of 22°C and well supplied with oxygen. The residence time in the tanks was 5 min. Tanks were kept outside, sheltered from midday sun, but received morning sun, For experimental purposes, healthy colonies of H. fuscesens were collected near the laboratory from 3-6-m depths, carefully transferred to the experimental aquaria, and allowed to acclimate overnight before the experiments.
Heteroxenia fuscesens exhibits the pulsatile behavior common to xeniid corals, in which the tentacles open and close over the polyps about 30 times per minute (Cohen 1973) ; this behavior provides a convenient index of coral health. Only colonies exhibiting normal rates and coordination of polyp oscillation were used. Mucus was collected before incubation and bacteriologically analyzed as described. At the beginning of an experiment, 5,000 ppm of Agha Jari Iranian crude oil was added to one tank; samples were obtained from the Eilat-Ashkelon Pipeline Co. This oil has a low specific gravity (0.847 at 15.5"C), 1 ow viscosity (5.66 at 38"C), low sulfur content (1.35%), low asphaltenes (0.60%), and low carbon residues (3.7%) (Eisler 1975 ). An oil-free tank served as control. The seemingly high conccntratlon of oil had been determined by Eisler (1975) and Cohen (1973) to be nonlethal to H. fuscesens in flowing water bioassay tests. After 5 days, the oilexposed tank was purposely overflowed to clear the oil. Coral colonies were removed from both tanks and mucus samples were again collected and examined for bacterial content.
Isolation of Vibrio alginolyticus-We used enrichment cultures in which Heteroxenia mucus was the sole carbon and energy source to isolate mucus-degrading bacteria from mucus and seawater, Bacteria growing in the enrichment flasks were isolated by streaking them (isolate EC-l) was studied in purified mucus medium consisting of 25 mg of purified Heteroxenia mucus in 50 ml of ASW. The concentration of macromolecular material in fresh Heteroxenia mucus is 0.5 mg-ml-l (Ducklow and Mitchell 1979) . Growth rates were measured in duplicate 50-ml cultures incubated at 25°C in a rotary shaker operated at loo-150 rpm. Since the mucus medium contained a considerable amount of suspended particulate mucus, growth was measured by colony-forming units from dilution-plating, not by turbidity. Inocula (1.0 ml) from overnight cultures in mucus were transferred to fresh media. After 2 h of incubation, O.l-ml aliquots were withdrawn at timed intervals, dilutcd with 9.9 ml of ASW, and spread on TCBS agar plates. TCBS was used since on normal media (YP), V. alginolyticus develops confluent swarming colonies while swarming is considerably inhibited on TCBS. Vibrio alginolyticus forms discrete yellow colonies on TCBS plates which are easily counted after 18-24 h. For comparison with its growth in mucus medium, V. alginolyticus was also cultured in 0.3% vitamin-free casein in ASW, under identical growth conditions. Determinations of mucus degradation-We assayed cultures of V. alginolyticus growing in pure mucus medium for the appearance of free monosaccharides by the monosaccharide assay of Johnson and Sieburth (1977) , to show that the bacteria degraded the mucus polymer. Aldoses are reduced to alditols with borohydride; each mole of alditol is . 
710 I!z 220 (7) 140 -c 40 later oxidized to 2 moles of formaldehyde, and the formaldehyde is assayed colorimeterically with MBTEI reagent (Aldrich Chemical Co.). Samples (1.0 ml) were periodically withdrawn from mucus cultures and filtered through precombusted Gelman GFC filters to remove suspended matter. Duplicate or triplicate O.l-ml samples were diluted IO-fold, the assay performed, and samples read on a Beckman DU-2 spectrophotometer. All culturing, sampling, and analyses were carried out using acid-or alkali-cleaned glassware. Replicate determinations were made of samples taken from each of four culture flasks. Concentrations of monosaccharide were computed from a standard curve constructed by analyzing known amounts of mannose dissolved in ASW.
Bacterial chemotaxis experimentsSterile mucus culture medium was tested as a bacterial attractant by the capillary chemotaxis assay originally developed by Adler (1973) . Vihrio alginolyticus cells from 50-ml overnight YP broth cultures were harvested by centrifugation and resuspended in ASW. Capillaries (1 ~1: Drummond Sci.) were filled with a GFCfiltered solution of 0.05% Heteroxenia mucus in ASW; control capillaries were filled with ASW. In each experiment two control and two attractant capillaries were incubated for 15 min in suspensions of V. alginolyticus cells; then the capillaries were removed from the suspension, wiped dry, and their contents carefully injected into lo-ml ASW dilution tubes. After decimal dilution, 0.1 ml of inocula was spread onto TCBS plates for counting.
Results
Bacterial populations resident in coral mucus-In all instances the mucus samples had higher concentrations of colonyforming bacteria than the surrounding seawater (Table 3) . Since, in the Heteroxenia samples the differences were slight, we tested for equality of the sample means of the water and mucus samples by Wilcoxon's U-statistic (Sokal and Rohlf 1969) . The tests revealed significant differences (P s 0.05) between mucus and water bacterial population sizes on all media. For the other coral species the differences are clear. Table 3 also shows that Heteroxenia mucus maintains uniformly low populations of bacteria in its mucus, while Porites and Palythoa have larger and more variable populations.
These differences probably arise from the differences among the corals in rates of mucus release and self-cleaning behavior. Heteroxenia continuously releases fluid mucus while the other species periodically accumulate and release weblike mucus Table 4 . Population levels of colony-forming bacteria recovered in coral stress experiments, Data are reported from fresh mucus as shown in Table 3 , and from incubation experiments in which corals were exposed to Agha Jari crude oil for 5 days.
Total CFU . ml -1 (YP medium)
Fresh mucus 1,490 -C 120a" 710 +-220 140 -+ 40f Control mucus (5-d incubation) 3,600 " 690b 1,800 2 500a 1,400 2 400a Oil mucus 14,000 i 4,lOOc 7,500 a 7oc 1,500 2 490a * Different letters represent means which differ at P = 0.05 level of significance.
from their surfaces (Ducklow and Mitchell 1979; Lewis 1973 ). Bucterial population growth responses to stress applied to host corals-Data from our bacterial analyses of the samples from Heteroxenia and Eilat seawater are shown in Table 4 . Colonies incubated in control tanks for 5 days accumulated higher densities of bacteria than the fresh mucus. Exposure of the colonies to sublethal amounts of crude oil resulted in further enrichment of the mucus bacterial populations.
The bacterial populations living in coral mucus are viable. functional,-and very closely attuned the physiological state of their hosts.
to Our data also show that coral mucus bacteria possess a mechanism to maintain themselves on coral surfaces. While the rapid flow rates in our experimental tanks would tend to wash the corals clean, we noted increases in the external microflora even when no oil was added. The minimal stress caused by incubation in a flowing seawater tank resulted in growth of bacteria which we were able to measure. This observation further indicates the sensitivity of bacterial responses to the metabolic state of the host.
The short residence time of water in the tanks prevented bacterial buildup in the tanks from influencing our results. The tank walls stayed clean and unfouled throughout the experiments.
While the corals were not directlv in . contact with the oil slick, its influence on them was noticeable.
Although we did not use oil-saturated water, the rapid water movement beneath the slick undoubtedly leached oil components from the slick and dislodged small bubbles of oil which circulated through the tank, occasionally contacting coral tentacles. By the third day of exposure the oscillatory behavior of the corals was impaired. Polyps would occasionally cease contracting altogether, and later resume normal oscillations.
Some polyps showed incomplete closure with only one or a few tentacles closing. During the fourth and fifth days, polyps closed completely and remained tightly shut for the remainder of the experiment.
In addition to this behavior, these polyps exhibited elongation an d considerable loss of turgor. While control colonies had compact, erect polyps, those exposed to oil tended to collapse and extend to the tank bottom. Nevertheless colonies stayed intact and resumed normal postures and behavior following removal to clean water, indicating that these effects of the oil were temporary. We have noted sublethal effects of a similar character in experiments with the stony coral Madracis mirabilis in Barbados (Ducklow and Mitchell unpubl.) .
Slight changes in oscillatory behavior were also seen in control colonies. In these, after 2 or 3 days, the beating cycle was not as sharply defined as in situ specimens.
Ecology of Vibrio alginolyticus in coral mucus-Vibrios comprise 20-30% of the bacterial population in Ptllythoa mucus (TCBS counts) ( 
verse culture conditions. This bacterium is closely related to the human pathogen V. parahaemolyticus (Buchanan and Gibbons 1974) . It is a halophilic Gramnegative rod which exhibits conspicuous swarming responses to surfaces (DeBoer et al. 1975) and is one of the fastest growing of all mesophilic heterotrophs (Ulitzur 1974). Our isolates of V. alginolyticus are described and compared to authentic cultures of the genus Vibrio in Table 5 . Our enrichment culture results suggest that this organism apparently grows faster on coral mucus and competes more effectively for it than other mucus inhabitants.
We designed further studies to elucidate the role of V. ulginolyticus in mucus microbial ecology. We found that this bacterium grows well in cultures of purified macromolecular Heteroxenia mucus material. Figure 2 shows that V. alginolyticus grows more rapidly on the mucus material than on casein, a comparatively labile protein. Vibrio alginolyticus has a doubling time in mucus medium of 40 min at 25°C and a doubling time of 72 min at 25°C in casein medium. The former is equal to the doubling time Ulitzur (1974) found for another Red Sea isolate of V. alginolyticus in rich broth culture at 25°C. Vibrio ulginolyticus is capable of remarkably rapid growth in mucus media.
We demonstrated the utilization of purified macromolecular Heteroxenia mucus material by V. alginolyticus by measuring the release of component monosaccharides from the mucus. Without more detailed knowledge of the chemical composition of Heteroxenia mucus, it is impossible to find a suitable poorly utilized by-product of mucus degradation to use as an indicator of mucus breakdown. However, the monosaccharide assay proved sensitive enough to reveal the ap- pearance of the free sugars resulting from mucus degradation in the culture medium. Figure 3 shows that while V. nlginolyticus soon exhausts the glucose from a glucose minimal medium, a uniform level of monosaccharide is maintained in mucus medium as a result of bacterial attack of the mucus polysaccharides and the concomitant release of free sugars. Using the ninhydrin assay for amino acids (Troll and Cannon 1953), we could not detect free amino acid in fresh mucus culture medium. However, ninhydrin tests on 18-h cultures were positive. This indicates that V. alginolyticus simultaneously attacks both the protein and polysaccharide fractions of the mucus. Vibrio alginolyticus is a highly motile organism. Other studies in our laboratory indicate that it has a motility quotient of 0.27 cm2* h-l (R. Sjoblad pers. comm.), as high a value as any other bacterial species studied (Segal et al. 1977) . We have found that V. alginolyticus is attracted to coral mucus. . that 9-20 times as many cells enter capillaries containing mucus in ASW than capillaries containing ASW alone. Significantly more bacteria also entered capillaries containing a 1: 10 dilution of mucus (50 pg mucus * ml-l). These experiments suggest that chemotaxis toward fresh coral mucus in the marine environment is possible, since V. alginolyticus is attracted toward coral mucus materials. On the coral surface, fresh mucus, degraded mucus, microbial and coral products probably work together to attract and repel different motile marine bacteria.
The results of these studies indicate that bacterial populations live and grow in coral mucus and that bacteria isolated from the mucus have specific adaptations for exploitation of coral mucus as a resource.
Discussion
Other investigators have suggested that microorganisms live on coral surfaces and that they are actively metabolizing in situ, not merely existing transiently there. Sieburth (1975) showed that bacterial "lawns" cover the tissue surface of the ahermatypic coral Astrungiu dunue. Trench (1974) , while investigating coral utilization of dissolved organic matter, had to use antibiotics to separate bacterial from animal uptake.
. He also noted epibiotic bacteria in his electron microscopy of coral tissue sections, Burkholder (1973) observed cyanobacteria growing near the oral aperture of zoanthids. Johannes (1967) found bacteria in floating mucus floes, and Coles and Strathmann (1973) showed that microbial activity enriched mucus floes with nitrogen. Yonge (1937) and Franzisket (1970) found that bacterial metabolism of mucus could interfere with coral respirometric measurements. DiSalvo (1973u) found "from 0 to numerous" bacteria on the living surface of Fungiu corals in the only previous investigation of the type reported here.
One weakness of our study is its reliance on plate counts to show that bacteria live in coral mucus. Other methods, such as acridine orange direct counts (AODC) or ATP analyses were not available to us during this field phase of our work. We can conclude only that more colony-forming bacteria from several metabolic groups are present in coral mucus than in seawater. We hope to present AODC data on coral mucus in a future report. It should be noted, however, that cultural counting techniques have made significant contributions to marine microbiology (Sieburth 1971) .
Wiebe and Pomeroy (1972) directly counted 103-lo5 bacteria-ml-r in Enewetak waters by fluorescence microscopy. DiSalvo (1973b), using plate counts, found 50-800 colony formers *ml-l in Enewetak reef waters. This ratio of direct counts to plate counts is 2O-1OO:l. According to this ratio, our plate counts suggest that 103-lo5 bacteriasml-l are prcsent in coral reef seawater, and 105-107*ml-l in coral mucins. We expect that direct counts from mucus would show more bacteria than counts in seawater, Heteroxeniu fuscesens normally maintains a uniformly low population of bacteria in its superficial mucus, in contrast to the two other coral species we have studied which have widely varying populations. Bacterial immigration, growth, and emigration appear to be closely balance d on Heteroxeniu surfaces. Thus the enriched populations that we observed to result from stresses applied to the coral system represent a significantly perturbed state in this organism.
It is important to note that the applied stress was very mild. Since the residence time for seawater in the experimental aquaria was only 5 min, water in the tanks was not grossly polluted with oil leaching from the surface oil layer. Yet in spite of this, we have noted measurably significant increases in bacterial populations of stressed coral mucus. Even the minimal stress experienced by the control colonies resulted in enrichment. These observations demonstrate that bacteria in coral mucus respond to host stress.
Several lines of evidence that we developed indicate that one interesting vibrioid organism, V. ulginolyticus, has a strong relationship with Heteroxeniu mucus. Vibrio ulginolyticus attacks a wide array of substances including chitin, starch, cellulose, gelatin, casein, and lipids (Table 5) . Our experiments show that it becomes the dominant organism in Heteroxeniu mucus enrichment cultures. While it can be hazardous to generalize from enrichment culture experiments to natural situations (Caldwell 1977) , we suggest that V. ulginolyticus probably uses and transforms mucus in situ, In culture, it grows rapidly on mucus and can use the purified, macromolecular mucus as a sole nutritional source. DeBocr et al. (1975) suggested that V. alginolyticus possesses strong selective advantages for colonizing and then maintaining itself on surfaces, which some other organisms lack. The multiple points of contact conferred by elongated cells and multiple flagellae provide extra adhesive forces and enhanced motility for utilization of superficially distributed resources. These adaptations provide an additional strong suggestion that V. alginolyticus is capable of growth and maintenance on the coral surface.
A coral-inhabiting microbial community is a possible basis for mucus mobilization into detrital food chains, which have been suggested as significant in coral reef energy circuits (Lewis 1977) . The weight of accumulating evidence now suggests that detritovores assimilate the microflora inhabiting detrital particles, not the particles themselves (Fenchel 1972) . Microbial enhancement of detrital quality has been suggested for mucus (Coles and Strathmann 1973) and other detrital materials (Fenchel and Jorgensen 1977) . Mucus floes are undoubtedly inoculated with an active microbial population more efficiently while on the coral surface, before release into the water column, than they are by random contact with bacteria in dilute solution, as would be the case with clean, uninoculated mucus floes released from corals. Thus a microbial community that can maintain itself on a coral surface and reinoculate periodically shed mucus webs is not only of interest to microbial ecologists, but should be important in coral reef food chains. We have shown that such communities do exist and that organisms such as V. alginolyticus have some of the capabilities needed to process coral mucus into bacteria-and nutrient-enriched food for detritovores.
